The dielectric, pyroelectric and ferroelectric properties of bilayered BaTiO 3 /BaTi 0.8 Zr 0.2 O 3 ceramics are described and correlated with their microstructure. Different sintering times are employed to change the microstructure and promote interdiffusion between the layers. The effects of constrained sintering on both compositions are analyzed and their properties are compared to that of single phase BaTiO 3 and BaTi 0.8 Zr 0.2 O 3 ceramics. The results show that, at sintering times until 2 h, the bilayer properties are predominantly affected by the presence of residual stresses. Only after 4 h sintering, the properties are predominantly affected by interdiffusion between the layers.
Introduction
Barium titanate (BaTiO 3 ) is a perovskite type (ABO 3 ) ferroelectric material [1] employed as main component in a variety of environmentall-friendly electronic devices such as memory storage systems, piezoelectric transducers, pyroelectric detectors and multi-layer ceramic capacitors [2] [3] [4] [5] . However, in order to meet the technological requirements that these devices must satisfy, i.e. high dielectric constant, low dielectric loss and temperature stability of properties, BaTiO 3 must be modified [6] , for example, by the development of layered ceramics. Using this approach, Ota et al. [7] produced Ba 1 À x Sr x TiO 3 -based capacitors with a temperature-independent electrical permittivity. And Maurya et al. [8] showed that layered BaTiO 3 /0.975BaTiO 3 -0.025Ba(Cu 1/3 Nb 2/3 )O 3 ceramics could be employed to better understand hysteresis dynamics to tailor their piezoelectric and ferroelectric properties.
Nevertheless, layered materials are generally affected by residual stresses due to thermal mismatch between the components [9] . Moreover, their microstructure and functional properties can also be affected by interdiffusion of atomic species while processing in high temperatures. Gopalan and Virkar [10, 11] and Siao et al. [12] studied interdiffusion effects in BaTiO 3 -based layered materials. According to their results, there is diffusion of all sublattices and the relations between the atomic diffusivities are Therefore, Kirkendall effect [13] was observed in both cases.
The Kirkendall effect is the deviation, from it's initial position, of the contact plane between distinct materials after diffusion proceeded due to differences on atomic diffusion rates [14, 15] . The effect was first observed on brass/copper samples and stated the importance of vacancies for the diffusional processes. Accordingly, and considering a bilayered sample for simplicity, a net vacancy flux is observed from the layer with slower (lower diffusion rates) atomic species towards the layer with faster (higher diffusion rates) atomic species. As consequences, the original contact plane moves together with the vacancies with a linearly dependence on the square root of time. Also, the vacancies concentration can reach saturation on the layer with faster atoms and vacancies precipitates as pores, known as Kirkendall porosity, while densification is expected on the slower atoms layer, in the case of ceramics. On the original α-brass-Cu diffusion couple [16] , the initial interface moved towards the α-brass layer, together with Cu. Meanwhile Zn (D Zn 4D Cu ) diffused into the original Cu layer from the α-brass layer. Relative to the contact plane, the region in which Zn diffused was larger than the region in which Cu diffused and the relation between these regions is proportional to the ratio between the atomic diffusivities.
Gopalan and Virkar [10, 11] identified the Kirkendall effect on ceramic diffusion pairs of the BaTiO 3 /BaZrO 3 system. The effects of vacancy supersaturation was studied by introducing vacancies through acceptor (Sc) or donor (Ta) doping. According to their results, an increase on the number of Ba 2 þ vacancies through [10] [11] [12] [13] . It was observed that the layers microstructures, after 2 h sintering, were very similar to those of single phase ceramics with correspondent compositions. Therefore, a correlation between the samples functional properties and residual stresses was reported without considering the effects associated with interdiffusion between the layers [17] . On this report we aim to observe effects that can be associated with interdiffusion, therefore, an increased Zr 4 þ concentration (20% of Ti 4 þ substitution in one of the layers) and increased sintering times were employed in order to maximize diffusion between the layers, while still retaining the ferroelectric/paraelectric phase transition above room temperature. It is observed that, after 2 h sintering, as reported previously, only effects related to residual stresses are observed. The effects due to interdiffusion become significant only on sintering times greater than 4 h. The effects are observed as modifications on the microstructure and on the evaluated functional properties, when compared with single phase BaTiO 3 ceramics and single phase BaTi 0.8 Zr 0.2 O 3 ceramics processed under the same conditions.
Experimental
BaTiO 3 and BaTi 0.8 Zr 0.2 O 3 powders were synthesized by the polymeric precursor route, as described elsewhere [18] . Barium acetate (99%, Alpha Aesar), Ti(IV)-isopropoxide (97%, Sigma Aldrich) and a Zr(IV)-propoxide solution (70% Sigma Aldrich) were separately mixed with water and citric acid (99.5%, Synth) in a molar relation of four citric acids to each metallic atom to produce aqueous metal citrates. After analysis of the metallic atom content, the citrates were mixed in the desired stoichiometric proportions; the pH was then controlled to 4 with NH 4 OH and the temperature set to 80°C. At this temperature, ethylene glycol (99.5%, Synth) was added in a mass proportion of 40:60 in relation to citric acid. The resultant transparent resin was treated at 400°C for 4 h to eliminate organics, and a further treatment at 700°C for 4 h was necessary to crystallize the desired BaTiO 3 30 MPa, one layer above the other in the case of the bilayers, and then isostatically pressing at 350 MPa to produce disc-shaped samples (6 mm diameter and 1 mm thick). The relative thermal expansion coefficient of single phase samples was measured (DIL 402 PC, NETZSCH, Selb, Germany) and the pellets were sintered at 1300°C for 2 h, 4 h, 8 h, and 16 h. The heating rate was 5°C/min while, at the end of the process, the oven was freely cooled down to room temperature.
The samples were mirror polished and the grains were developed at 1200°C for 20 min with same heating and cooling conditions employed during sintering. The microstructure of the samples were analyzed by scanning electron microscopy (Inspect F-50, FEI, Hillsboro, USA) and the Zr 4 þ concentration profile across the interdiffusion region was obtained with line scan energy dispersive X-ray spectroscopy (EDX). The results from EDX analysis were used to confirm stoichiometry and to estimate the thicknesses of the interdiffusion region in the bilayered ceramics. Gold electrodes were sputtered on parallel polished faces for dielectric, ferroelectric and piezoelectric measurements. The dielectric permittivity was measured in non-polarized samples from room temperature to 150°C at a rate of 1°C/min (FRA SI 1260 with dielectric interface 1296A, Solartron Analytical-Ametek, New York, USA). The simple series mixture rule
was employed to calculate the expected electrical permittivity of the bilayered samples, with information about the volumetric fractions (α and 1 Àα) of the components and the temperature dependent dielectric permittivities (ε 1 and ε 2 ) of the single phase corresponding ceramics. Ferroelectric hysteresis loops were measured in unpoled samples immersed in a silicone oil bath at 25°C by applying a 10 Hz sinusoidal electric field with 3 kV/mm maximum amplitude. The pyroelectric coefficient was evaluated from the thermally stimulated depolarization current measured by a Sub-Femtoamperimeter (Model 6430, Keithley, Cleveland, USA) at a heating rate of 5°C/min on samples poled in an oil bath with a 2.0 kV/mm electric field for 30 min at 25°C. Table 2 contains the temperature of maximum permittivity (T m ), the Curie Weiss temperature (T 0 ) and the diffuseness degree of the phase transition ( γ) obtained from adjusting the temperature-dependent electrical permittivity with the Curie-Weiss law and the modified Curie-Weiss law [19] . Regardless of sintering time, BaTiO 3 presents similar temperature dependence on the electrical permittivity, as well as similar T m (T m E121 71°C), T 0 (T 0 E 110 71°C) and γ (γ E1.14 70.04). The BaTi 0.8 Zr 0.2 O 3 samples present the same T m (T m E37 71°C), in spite of different grain sizes and regardless of sintering time. Also, T 0 for samples sintered for more than 4 h is around the same value (T 0 E617 1°C). The grain size dependence is only observed on the permittivity's maximum amplitude and on the diffuseness degree of the phase transition (γ). A 2 h sintering process leads to BaTi 0.8 Zr 0.2 O 3 ceramics with diffuse phase transition and with the lowest electrical permittivity maximum amplitude, while 8 h sintering leads to the least diffuse phase transition and the highest electrical permittivity maximum.
Results and discussion

Single phase ceramics
The grain size dependence of BaTi 0.8 Zr 0.2 O 3 dielectric properties has been studied by many authors [20] [21] [22] [23] [24] [25] . Their synthesis methodology and results (average grain size, T m , T 0 and γ) are displayed in Table 3 . Their data shows that, above 0.7 mm, T m is, in most cases, independent of grain size, but insufficient data exists about T 0 to enable a proper evaluation of this parameter. Moreover, according to the literature, γ shows a grain size dependency, although there is conflicting information about the grain size effect. Thus, based on the literature and on the results presented on this paper, T m is grain size independent on BaTi 0.8 Zr 0.2 O 3 ceramics. 
* At the interface. 4 and 174 mm, far from and close to the interdiffusion region, respectively, when sintered for 8 h (Fig. 2(c) ), and an average grain size of 104 mm over the entire layer after 16 hours sintering (Fig. 2  (d) ).
The micrographs of Fig. 3 also present the Zr concentration profile and the volumetric fraction of each layer. The Zr concentration profile for both layers far from the interdiffusion region agrees with the expected concentration independent of sintering time. Nevertheless, the interdiffusion region thickens from 9 mm in samples sintered for 2 h to a value of around 20 mm in samples sintered for 4, 8 and 16 h.
The differences in grain size between the single phase BaTi 0.8 Zr 0.2 O 3 ceramics and the layers can be accounted for the action of two different mechanisms that depend on the sintering stage. At early stages of sintering, the effect of compression stresses due to differential sintering ( Fig. 2(a) ) may change the contacts and increase mass transport between the BaTi 0.8 Zr 0.2 O 3 particles, as occurs in other sintering techniques such as hot pressing [30, 31] . Nevertheless, this mechanism would readily be consumed by stress relaxation due to grain movements [9] , therefore it cannot be responsible for the anomalous grain growth on samples sintered for higher times. After a long time at high sintering temperatures, the grain growth starting from the interdiffusion region between the layers is accounted for by the Kirkendall effect [14] . This was similarly described by Siao et al. [12] on BaTiO 3 /SrTiO 3 diffusion couples. As Ba 2 þ diffused towards the Fig. 4(a) shows the results for the bilayer sintered for 2 h. The peaks correspond to the phase transition of the BaTi 0.8 Zr 0.2 O 3 and of the BaTiO 3 at 37°C and 128°C, respectively. It is observed that an agreement exists between the calculations and the experimental amplitudes, although there is a shift on the temperature of the experimental BaTiO 3 transition peak toward a higher temperature. This BaTiO 3 layer presents the same microstructure as single phase BaTiO 3 samples. Therefore, the temperature shift cannot be associated with any grain size effect. The peak is shifted in 7 72°C; a much higher value than the differences among the homogeneous samples and this shift corresponds to the effect of a two-dimensional stress of 140 720 MPa, according to Jaffe (for ceramics) [32] , or 4177 MPa according to Forsbergh (for single crystals) [33] , the same order of magnitude as calculated by the thermal mismatch (56 MPa). The permittivity peak corresponding to BaTi 0.8 Zr 0.2 O 3 layer does not present a shift when compared to homogeneous samples. However, this layer is subjected to a lower stress and, to our knowledge, there are no reports concerning two-dimensional stress effects for this composition.
The subsequent Fig. 4(b) - (d) shows results for the bilayers sintered for 4, 8 and 16 h, respectively. At these increased sintering times, the shift in temperature of the experimental BaTiO 3 's transition is reduced to a value of 3 72°C, which means that the two-dimensional stresses on these samples are lower than those on the samples sintered for 2 h. This damping in the stresses is attributed to the increase of the interdiffusion region (Fig. 3) and, possibly to cracks, as observed in Fig. 4(d) . A thicker interdiffusion region has a smoother compositional gradient, which reduces the thermal mismatch as in a functionally graded material [34] . On the contrary, the temperature corresponding to the BaTi 0.8 Zr 0.2 O 3 permittivity peaks on sintering times of 8 and 16 h (42°C and 45°C, respectively) is much higher than that of the single phase BaTi 0.8 Zr 0.2 O 3 ceramics (37°C). Since T m is independent of grain size and residual stresses are discarded for these layers, these shifts are attributed to the compositional change on a fraction of the BaTi 0.8 Zr 0.2 O 3 layer, as consequence of the Kirkendall effect, also observed by Siao et al. [12] and to become more significant with increasing sintering time. Moreover, it is also observed that the electrical permittivity of bilayered samples presents lower amplitudes than calculated by the simple mixture rule. As regards the consequences of the Kirkendall effect, Kirkendall porosity is expected on the region with the fastest ions (here, the BaTiO 3 layer) as observed by the other authors [11, 12] . Nevertheless, as Siao et al. observed, the Kirkendall pores could be of the order of tenths of nanometers, therefore, not observed in our case. In this sense, this region with Kirkendall porosity and possibly also cracks contribute with a layer of lower electrical permittivity that was not considered during calculations but were responsible for the reduced total permittivity of the composite. respectively. This higher polarization of the samples sintered for 16 hours is expected due to the presence of a larger region with BaTi 0.8 þ δ Ti 0.2-δ O 3 composition than the samples sintered for 2 h. Fig. 6 shows the temperature-dependent pyroelectric coefficient of the bilayers sintered for 2, 4, 8 and 16 h. Two main contributions are observed in each curve: i) a sharp peak around 125°C associated with the BaTiO 3 phase transition, and ii) a broad peak around 30°C associated with the BaTi 0.8 Zr 0.2 O 3 phase transition. Among the peaks corresponding to BaTiO 3 , a shift towards higher temperatures is observed only on samples sintered for 2 hours, as also visualized in Fig. 4(a) , due to the presence of residual stresses. Nevertheless, there is a shift of the maximum temperature toward higher values and an increase on both the amplitude and the broadness of the peaks corresponding to the BaTi 0.8 Zr 0.2 O 3 layer with increase on sintering time. These modifications are in agreement with compositional changes derived from Kirkendall effect.
Another explanation for the differences in the ferroelectric and pyroelectric properties of the bilayered samples sintered for 2 and 16 h could be related to an effect of preferential crystallographic orientation of the BaTi 0.8 Zr 0.2 O 3 grains, with the polar axis pointing in an orthogonal direction to the electrode plane [35] . Nevertheless, X-ray diffraction pattern of the BaTi 0.8 Zr 0.2 O 3 layer yields no differences between the samples, regardless of the grain sizes.
Conclusions
Dielectric, pyroelectric and ferroelectric properties of bilayered BaTiO 3 /BaTi 0.8 Zr 0.2 O 3 ceramics sintered for different times are described and correlated with their microstructure. It is concluded that two different mechanisms are responsible for the observed differences on the bialyers properties compared to single phase ceramics. On the samples sintered for short times, the temperature shift of BaTiO 3 Curie-temperature, the narrow interdiffusion region and the features presented by the microstructure suggest that residual stresses after cooling constitute the main factor affecting the properties of the samples. On the other hand, on bilayered samples sintered for times longer than 4 h, the effects due to interdiffusion between the layers are more significant than residual stresses. In this sense, the Kirkendall effect is identified as being responsible for the anomalous grain growth, the increased pyroelectric coefficient and the temperature shift of maximum permittivity on the BaTi 0.8 Zr 0.2 O 3 layer, as well as the overall decrease in the composite electrical permittivity when compared to calculations with the simple mixture rule. 
